During intraerythrocytic development, Plasmodium falciparum exports proteins that interact with the host cell plasma membrane and subplasma membrane-associated spectrin network. Parasiteexported proteins modify mechanical properties of host RBCs, resulting in altered cell circulation. In this work, optical tweezers experiments of cell mechanical properties at normal physiological and febrile temperatures are coupled, for the first time, with targeted gene disruption techniques to measure the effect of a single parasite-exported protein on host RBC deformability. We investigate Pf155/Ring-infected erythrocyte surface antigen (RESA), a parasite protein transported to the host spectrin network, on deformability of ring-stage parasite-harboring human RBCs. Using a set of parental, gene-disrupted, and revertant isogenic clones, we found that RESA plays a major role in reducing deformability of host cells at the early ring stage of parasite development, but not at more advanced stage. We also show that the effect of RESA on deformability is more pronounced at febrile temperature, which ring-stage parasite-harboring RBCs can be exposed to during a malaria attack, than at normal body temperature. malaria ͉ erythrocyte ͉ membrane shear modulus ͉ spectrin ͉ cytoskeleton A fter Plasmodium falciparum merozoite invasion of a human RBC, the parasite differentiates and multiplies for 48 h, leading to rupture of the parasitized RBC (Pf-RBCs) and release of new merozoites in the blood circulation. Throughout this 48-h period, several parasite proteins are introduced into the RBC plasma membrane and submembranous protein skeleton, thereby modifying a range of structural and functional properties of the Pf-RBCs (1-4). The best documented changes occur as P. falciparum matures to the trophozoite (24-36 h) and schizont (36-48 h) stages, when Pf-RBCs display decreased membrane deformability (2-6), become spherical, and develop cytoadherence properties responsible for parasite sequestration in the postcapillary venules of different organs (7, 8) . In contrast, during early parasite development, ring-stage (0-24 h after invasion) Pf-RBCs preserve their biconcave shape, can circulate in peripheral blood (9), and thus are exposed to the spleen red pulp. Ring-stage Pf-RBCs may pass through this spleen compartment, be expelled from circulation, or return to the circulation once the parasite has been removed (10). Although the relative importance of these different processes and their underlying mechanisms are not fully understood, it is likely that altered deformability of ring-stage Pf-RBCs (11) plays a crucial role in determining Pf-RBCs spleen processing.
During intraerythrocytic development, Plasmodium falciparum exports proteins that interact with the host cell plasma membrane and subplasma membrane-associated spectrin network. Parasiteexported proteins modify mechanical properties of host RBCs, resulting in altered cell circulation. In this work, optical tweezers experiments of cell mechanical properties at normal physiological and febrile temperatures are coupled, for the first time, with targeted gene disruption techniques to measure the effect of a single parasite-exported protein on host RBC deformability. We investigate Pf155/Ring-infected erythrocyte surface antigen (RESA), a parasite protein transported to the host spectrin network, on deformability of ring-stage parasite-harboring human RBCs. Using a set of parental, gene-disrupted, and revertant isogenic clones, we found that RESA plays a major role in reducing deformability of host cells at the early ring stage of parasite development, but not at more advanced stage. We also show that the effect of RESA on deformability is more pronounced at febrile temperature, which ring-stage parasite-harboring RBCs can be exposed to during a malaria attack, than at normal body temperature. malaria ͉ erythrocyte ͉ membrane shear modulus ͉ spectrin ͉ cytoskeleton A fter Plasmodium falciparum merozoite invasion of a human RBC, the parasite differentiates and multiplies for 48 h, leading to rupture of the parasitized RBC (Pf-RBCs) and release of new merozoites in the blood circulation. Throughout this 48-h period, several parasite proteins are introduced into the RBC plasma membrane and submembranous protein skeleton, thereby modifying a range of structural and functional properties of the Pf-RBCs (1-4) . The best documented changes occur as P. falciparum matures to the trophozoite (24-36 h) and schizont (36-48 h) stages, when Pf-RBCs display decreased membrane deformability (2-6), become spherical, and develop cytoadherence properties responsible for parasite sequestration in the postcapillary venules of different organs (7, 8) . In contrast, during early parasite development, ring-stage (0-24 h after invasion) Pf-RBCs preserve their biconcave shape, can circulate in peripheral blood (9) , and thus are exposed to the spleen red pulp. Ring-stage Pf-RBCs may pass through this spleen compartment, be expelled from circulation, or return to the circulation once the parasite has been removed (10) . Although the relative importance of these different processes and their underlying mechanisms are not fully understood, it is likely that altered deformability of ring-stage Pf-RBCs (11) plays a crucial role in determining Pf-RBCs spleen processing.
Introduction of parasite components within the Pf-RBC membrane and cortical cytoskeleton begins soon after RBC invasion, as demonstrated for the well characterized parasite protein Pf155/Ring-infected erythrocyte surface antigen (RESA) (12) . This protein is discharged by the invading merozoite and exported to the Pf-RBC membrane where, once phosphorylated, it interacts with the spectrin network (13) . Because spectrin plays a critical role in the ability of RBCs to deform (14, 15) , it has been proposed that RESA could play an important role in the modulation of mechanical properties of ring-stage Pf-RBCs (1, 6) . A connection between RESA and altered Pf-RBC mechanical properties has been demonstrated in a previous study on Pf-RBC membrane stability. Pf-RBCs resa1 knockout (KO) parasites obtained by gene disruption were prone to heatinduced vesiculation when exposed at 50°C, whereas resa1ϩ Pf-RBCs were not (16) . This observation confirmed previous conclusions about the stabilization effect of RESA on the RBC submembranous cytoskeleton against heat-induced structural changes (17) . However, analysis of RBC membrane deformability using a micropipette approach did not show any significant modification of membrane mechanical properties (16) .
Here we demonstrate a new biophysical experimental technique for measuring the effect of a single parasite-exported protein, in this case RESA, on the overall deformability of pathologic RBCs harboring P. falciparum. Previously, optical tweezers were used to characterize mechanical property changes induced by P. falciparum over all intraerythrocytic developmental stages (4, 18) . To study the effect of ultrastructural changes induced by parasite-exported proteins on parasitized RBC deformability, we coupled optical tweezers experiments with targeted gene disruption, a cell biology technique to prevent production of a specific protein. Through a combination of these methods adapted from different fields, we assessed, to a force resolution of a pN, the question of the role of RESA on RBC deformability. To ascertain the role of RESA, we constructed a set of three isogenic cloned parasite lines, a resa1 wild type, a resa1-KO targeted gene disruptant clone, and the resa1ϩ revertant of this clone. Tests were conducted at room temperature to comply with standard deformability assays, as well as at 37°C and 41°C to investigate possible effects on deformability resulting from febrile temperature to which ring-stage Pf-RBCs are exposed during a malaria attack.
RBC deformability is significantly dependent on RBC membrane stiffness. Our optical tweezers experiments led to a quantitative measure of membrane stiffness by determining the shear modulus, , of the RBC membrane. An increase in membrane stiffness corresponds to an overall decrease in RBC deformability.
Results
Effect of RESA Protein on Ring-Stage Pf-RBC Deformability. Measurement of RBC membrane stiffness (hereafter referred to as stiffness) for Pf-RBCs was performed on late ring-stage Pf-RBCs (14-20 h after invasion) harboring wild-type resa1ϩ, resa1-KO, and resa1-rev parasites. The resa1-KO parasites were generated by insertion into the resa1 locus on chromosome 1 of a plasmid containing a positive and a negative selection marker. The resa1-rev were derived from the resa1-KO clone by negative selection using ganciclovir (see Materials and Methods). Control tests were performed on healthy RBCs maintained under standard Pf-RBC culture conditions and parasite-free RBCs. (Parasite-free RBCs were present in Pf-RBC cultures but did not harbor any parasites.) Tests were first performed at room temperature (25°C) (Fig. 1) .
Consistent with earlier work based on micropipette aspiration (19) and optical tweezers (20) , the measured stiffness of healthy RBCs was 5-10 N/m (median ϭ 6.8 N/m) (Fig. 1a) . The stiffness of late ring-stage resa1ϩ Pf-RBCs ( ϭ 17.7 N/m) (Fig. 1b) increased significantly compared with healthy RBCs (P Ͻ 0.0001). The 2-fold increase in membrane shear modulus for resa1ϩ Pf-RBCs is consistent with previous work using 3D7, a resa1ϩ P. falciparum clone (4, 11) .
In To ensure that targeted gene disruption of resa1 (and hence the absence of RESA) was responsible for the results observed in resa1-KO Pf-RBCs, we tested resa1-rev Pf-RBCs (Fig. 1d) . The measured stiffness of resa1-rev Pf-RBCs ( ϭ 20.8 N/m) was similar to that of the resa1ϩ Pf-RBCs, with a significantly higher shear modulus compared with healthy RBCs (P Ͻ 0.0001) and resa1-KO Pf-RBCs (P Ͻ 0.001).
Parasite-free RBCs from wild-type resa1ϩ, resa1-KO, and resa1-rev parasite cultures ( Fig. 1 b-d , respectively) displayed similar stiffness compared with healthy RBCs (Fig. 1a) .
Effect of RESA Protein on Trophozoite-Stage Pf-RBC Deformability. To determine whether the presence of RESA protein at the ring stage is needed for implementing the changes of the mechanical properties displayed by subsequent mature stages of Pf-RBCs, we measured the stiffness of resa1ϩ and resa1-KO trophozoitestage Pf-RBCs (24-36 h after invasion). The stiffness of trophozoite-stage resa1ϩ ( ϭ 35.9 N/m) and resa1-KO ( ϭ 35.7 N/m) Pf-RBCs (Fig. 2) was significantly higher than ring-stage resa1ϩ Pf-RBCs (P Ͻ 0.001) and resa1-KO (P Ͻ 0.001), respectively. The 4-fold increase in shear modulus measured for both resa1ϩ and resa1-KO trophozoite-stage Pf-RBCs is consistent with previous studies (4, 11) . No difference in stiffness between resa1ϩ and resa1-KO Pf-RBCs was observed at the trophozoite stage.
Impact of Physiological (Steady-State and Febrile) Temperatures on
Ring-Stage Pf-RBC Deformability. To study Pf-RBC deformation at physiological temperature and the consequences of elevated body temperature during febrile malaria episodes, tests on resa1ϩ and resa1-KO ring-stage Pf-RBCs were carried out at normal body temperature (37°C) and febrile temperature (41°C) (Fig. 3a) . The stiffness of healthy RBCs at 37°C ( ϭ 6.6 N/m) and 41°C ( ϭ 8.6 N/m) was similar to healthy RBCs at room temperature (5-10 N/m) (Fig. 1a) . The observation that stiffness of healthy RBCs remains approximately constant over this temperature range is consistent with similar measurements using other techniques (19, 21) .
Ring-stage resa1ϩ Pf-RBCs displayed a marked increase in stiffness both at 37°C ( ϭ 17.6 N/m) and 41°C ( ϭ 29.9 N/m) (Fig. 3b) compared with healthy RBCs. The stiffness increase for resa1ϩ Pf-RBCs was significantly greater at 41°C than at 37°C (P Ͻ 0.05). In contrast, the stiffness of resa1-KO Pf-RBCs (Fig. 3c ) at 37°C ( ϭ 11 N/m) and 41°C ( ϭ 11.2 N/m) remained similar to measurements at room temperature ( ϭ 9.4 N/m) (Fig. 1c) .
Discussion
During intraerythrocytic development of P. falciparum, parasiteexported proteins contribute to modifications of the deformability of Pf-RBCs. The contribution of specific parasiteexported proteins to decreased deformability has been demonstrated for KAHRP and PfEMP3 (5), which are present in the erythrocyte membrane in the trophozoite and schizont stages when Pf-RBCs are sequestered. Our study explores the effect of RESA, a ring-stage parasite-exported protein, on altered deformability of Pf-RBCs that are not sequestered and, therefore, must circulate. We document here a significantly reduced deformability by measuring the stiffness of ring-stage Pf-RBCs, and we show that RESA is largely responsible for this mechanical property change.
Whereas measured healthy RBC stiffness remained constant over all test temperatures, increased stiffness of ring-stage Pf-RBCs was greater at febrile temperature than at normal body temperature. Because resa1-KO Pf-RBCs exhibited stiffness similar to healthy RBCs at all temperatures, we conclude that the temperature-related change in membrane deformability is attributable, at least in part, to the presence of RESA in the ring-stage Pf-RBC membrane. At the more advanced trophozoite stage, increased stiffness of Pf-RBCs was independent of a parasite's ability to express RESA. It has been shown that RESA can no longer be detected at the trophozoite stage (22) , where parasite proteins other than RESA play a predominant role in decreased deformability, among which are KAHRP and PfEMP3 (5). Furthermore, our results indicate that absence of RESA in the ring stage does not impair subsequent remodeling in the late parasite stages.
Altered deformability during the ring stage is most probably a consequence of the attachment of RESA to spectrin (23) . Binding of RESA to ␤1R16 spectrin structural repeat close to the interaction region between ␣1 and ␤1 spectrins significantly increases the stability of spectrin tetramers (24) . In healthy RBCs, the spectrin network exists in a dynamic state of spectrin tetramers dissociating transiently into dimers, and shear deformation shifts the equilibrium of tetramer formation toward the dissociated dimer state (25) . Thus, RESA stabilization of tetramers could modify spectrin network dynamic properties, thereby impairing membrane deformability.
This model is consistent with a proposed role for RESA on temperature-dependent membrane stability. Increased membrane resistance to thermal shift-induced structural change has been related to the stabilization of spectrin tetramers induced by RESA binding (24) . Although the effect of temperature on the interaction between RESA and spectrin is unknown, we speculate that this specific binding alters temperature-dependent stabilization of spectrin tetramers and, as a consequence, contributes to the observed changes in ring-stage Pf-RBC deformability at febrile temperatures.
Deformability is critical for in vivo parasite survival during the ring stage when Pf-RBCs have not yet cytoadhered/sequestered and circulate in postcapillary microvessels and through the spleen. We have shown that ring-stage Pf-RBC decreased deformability is mediated/modulated by RESA, which binds to the RBC cytoskeleton. We find that the effect of RESA on deformability is greater at febrile temperature. It has been shown previously that exposure of ring-stage Pf-RBCs to febrile temperature negatively impacts parasite growth in the absence of RESA (16) . RESA may thus play a role in the delicate balance between parasite and its host during the ring stage, on the one hand through contributing to parasite resistance to febrile temperatures and on the other hand through membrane deformability changes that may affect spleen processing of the Pf-RBC.
Materials and Methods
Plasmid Constructs and Gene Disruption. PCR-amplified full-length P. falciparum resa1 gene was cloned in between SacII/XbaI sites of a modified pdTg23 vector (26) carrying the Toxoplasma gondii dihydrofolate reductase/thymidine synthase gene dhfr/ts (conferring resistance to pyrimethamine) fused in frame with the herpes virus thymidine kinase 1 (27, 28) . Ring-stage FUP/CB (resa1ϩ) clone parasites (FCR3-resa1ϩ-like genotype) were transfected with 100 g of Qiagen-purified targeting plasmid using the electroporation conditions described in ref. 29 . Homologous recombination in the endogenous resa1 gene was obtained after a two-step pyrimethamine pressure selection (26) . Pyrimethamine-resistant parasites were cloned by limiting dilution. Ganciclovir (10 M) drug pressure was applied on genetically confirmed resa1-KO parasites in the absence of pyrimethamine to induce the resa1 gene reversion (resa1-rev parasites) (28).
Parasite Culture. A clone derived from P. falciparum (FUP/CB) parasites, named here wild-type resa1ϩ P. falciparum, was maintained in leukocyte-free human Oϩ erythrocytes (Research Blood Components, Brighton, MA) and stored at 4°C for no longer than 2 weeks under an atmosphere of 3% O 2 , 5% CO 2 , and 92% N 2 in RPMI medium 1640 (Gibco Life Technologies, Rockville, MD) supplemented with 25 mM Hepes (Sigma, St. Louis, MO), 200 mM hypoxanthine (Sigma), 0.209% NaHCO 3 (Sigma), and 0.25% albumax I (Gibco Life Technologies). Cultures were synchronized successively by concentration of mature schizonts using plasmagel flotation (30) and sorbitol lysis 2 h after the merozoite invasion to remove residual schizonts (31) . (ring stage) or 24-36 h (trophozoite stage) after merozoite invasion.
Bead Preparation. Two-micrometer-diameter, streptavidincoated polystyrene beads (Polysciences, Warrington, PA) were centrifuged three times at 16,000 ϫ g in 0.1 mg/ml BSA-PBS. The beads were incubated for 30 min at 4°C in 1 mg/ml Con A (Sigma). The beads were then centrifuged three more times at 16,000 ϫ g in 0.1 mg/ml BSA-PBS and stored in 0.1 mg/ml BSA-PBS.
Sample Preparation. RBCs and Pf-RBCs were centrifuged at 125 ϫ g three times in RPMI medium 1640 before suspension in 0.1 mg/ml BSA-PBS. Con A-coated polystyrene beads were added to the RBC suspension.
RBC Membrane Stiffness Measurement. An optical tweezers technique was used to measure single RBC force-displacement response, from which shear modulus values can be determined based on computational modeling (32, 33) . Uniaxial tension tests on single RBCs required attaching a small portion of an RBC to the coverslip and, on the diametrically opposite side, to an optically trapped Con A-coated polystyrene bead (Fig.  4e) . Movement of the coverslip via a piezo-stage (Physik Instrumente) applied deformations to the RBC with resolution Ͻ1 nm. Applied forces up to 300 pN, with resolution Ͻ5 pN, were continuously measured by detecting the position of the optically trapped bead with a laser-based position detection system. A standard optical tweezers calibration of trapping force exerted on a bead was performed before tests by subjecting the trapped bead to known forces via f luid f low (Stokes f low technique). During a stretch experiment, deformations and forces were continuously acquired to determine the force-displacement response of a single RBC. Shear modulus values were computed immediately after each experiment by fitting the experimental data to an analytical expression derived from computational modeling using a finite element method (33) . This method using continuous acquisition of optical tweezers test data and concurrent data analysis based on finite element modeling provides a substantial improvement to existing techniques for single RBC mechanical property evaluation with optical tweezers (18, 20, 34) .
Temperatures of 37°C and 41°C were achieved by locally heating the test sample with resistive heaters. Optical tweezers tests were conducted at these temperatures after maintaining the test temperature for 10 min. Two resistive heating pads attached to thin copper blocks were kept in thermal contact with the microslide to control the temperature at the sample. A thermocouple placed within the sample chamber was used to measure the local temperature, which was kept to Ϯ 1°C. 
